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Abstract  
Gaining a detailed understanding of water transport behavior through ultra-thin polymer 
membranes is increasingly becoming necessary due to the recent interest in exploring applications 
such as water desalination using nanoporous membranes. Current techniques only measure bulk 
water transport rates and do not offer direct visualization of water transport which can provide 
insights into the microscopic mechanisms affecting bulk behavior such as the role of defects. We 
describe the use of a technique, referred here as Bright-Field Nanoscopy (BFN) to directly image 
the transport of water across thin polymer films using a regular bright-field microscope. The 
technique exploits the strong thickness dependent color response of an optical stack consisting of 
a thin (~25 nm) germanium film deposited over a gold substrate. Using this technique, we were 
able to observe the strong influence of the terminal layer and ambient conditions on the bulk water 
transport rates in thin (~ 20 nm) layer-by-layer deposited multilayer films of weak polyelectrolytes 
(PEMs).  
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Introduction 
Desalination using ultra-thin membranes including 2D materials is being increasingly 
explored recently [1-5]. Layer-by-layer assembled ultra-thin polyelectrolyte multi-layers (PEMs) 
[6-8] represent a versatile class of thin film system with widely tunable properties [9]. 
Physiosorption due to electrostatic interaction between the polycations and polyanions forms the 
basis of this deposition technique. It is well known that the properties of these multi-layers are 
affected by extrinsic factors such as salt ion concentration, pH and temperature which allows 
thickness tunability and sensitivity to a wide range of factors [10- 17]. This dependency allows 
PEMs to be used as sensors, optical coatings, polymer capsules for targeted drug delivery and 
nano-filtration membranes to mention a few applications [18 - 22]. Recently, polymer based nano-
membranes are being explored for water filtration and desalinization [23, 24] making it 
increasingly important to study the water transport at nano-scales. In early 2000s, Bruening’s [25-
27] and Tieke’s [28, 29] groups studied the use of PEMs as nano-filtration membranes. Detailed 
understanding of hydration and water transport mechanisms through PEMs are necessary for 
efficient application of PEMs in water filtration and desalination technologies.  
In the past, extensive efforts have been made to study PEMs and its internal characteristics 
to better understand the hydration mechanism under different environmental conditions [30 - 32]. 
Poly (allyamine hydrochloride), (PAH) / Poly (acrylic acid) (PAA), Poly (allyamine 
hydrochloride), (PAH)/ Poly (sodium 4-styrenesulfonate), (PSS) and Poly (diallyl dimethyl 
ammonium chloride), (PDDAC) / Poly (sodium 4-styrenesulfonate), (PSS) have been the most 
investigated polymer systems. Unlike strong PEs, weak PEs such as PAH and PAA multilayer 
properties strongly depend on pH of the assembly solution [33 - 39]. An interesting feature 
observed in many of the hydration and water transport studies is the odd-even effect, i.e. the 
variation of PEM properties such as wettability, on the terminating layer [17, 33]. PEMs with odd 
number of layers are fabricated by terminating the PEM with a polycation/positive polyelectrolyte 
while an even numbered PEM is fabricated when the terminating layer is a polyanion/negative 
polyelectrolyte. Different techniques have been used to measure the hydration/immobilization of 
water in these odd-even polymer films. Contact angle measurements were used to study the surface 
wettability and but did not give inputs into wettability in the bulk [33, 38]. Methylene Blue (MB) 
penetration studies were carried out to study the extent of interpenetration and the influence of the 
underlying PE layers [39]. NMR techniques were used to quantify the degree of swelling induced 
due to hydration [40 - 42]. Additionally, x-ray and neutron reflectivity techniques have also been 
used to study the internal arrangement and water uptake at the surface and bulk of PEMs [43, 44]. 
Ellipsometry measurements have been used to measure the optical changes before and after 
hydration when the swollen film will cause a change in the bulk refractive index. Often water 
content in the PEMs is calculated by thickness change measured before and after swelling using 
an Ellipsometer. It is reported that hydration/water uptake in PEM is a bulk characteristic but 
governed by the surface charge of the terminating layer [45 – 48]. The techniques used in the past, 
though providing significant insights into hydration of PEMs, have been generally complex and 
do not provide a direct measurement of water transport rates and associated dynamics. Specifically, 
these techniques cannot measure the odd-even effect and in general a relative difference directly 
on the same sample. Additionally, these techniques cannot probe the role of defects or more 
generally the micro and nano-scale organization of the thin film on the bulk transport behavior.  
In this article, we describe a technique which provides direct microscopic visualization of water 
transport in PEMs (as well as other polymer thin films) using simple bright-field optical 
microscopy. The measurement technique described here is based on the strong thickness dependent 
color contrast of a water-soluble germanium (Ge) thin film (~25 nm thick) deposited on optically 
thick gold [49]. Differences in water transport rates, for instance between a cationic terminated 
PEM and an anionic terminated PEM, leads to a difference in color between the two regions. The 
rate of color change can be converted to a water transport rate transverse to the film thickness 
(when lateral etching of Ge is negligible). Using this technique, we observed significant 
differences in water transport rates in polyelectrolyte multilayer films depending on the surface 
termination of the PEM for 3 different PEM systems including weak and strong PEs. The 
difference in water transport rates could not be explained by difference in hydrophobicity. Liquid 
immersion Atomic Force Microscopy (AFM) eliminated the possibility of differential swelling 
upon hydration leading us to conclude that the differential water transport between odd and even 
terminated PEMs is the result of differential hydration of the top-most PE layers. Essentially, the 
top layer presents a barrier to the entry of water molecules into the bulk. In the case of PAA-PAH 
system we showed that this barrier is a function of ionic strength and the odd-even effect can even 
be suppressed with an appropriate choice of ionic strength. The technique described here is 
generally applicable to measure relative transport difference or to probe the relationship between 
film structure and bulk transport and thus is expected to be of wide utility for transport studies 
through ultra-thin polymer membranes including single layer 2D sheets [49]. 
Materials and Methods 
Weak polyelectrolytes PAH, Poly (allyamine hydrochloride) and PAA, Poly (acrylic acid) with 
an average Mol. Wt. of 17,500 and 450,000 and strong PEs PDDAC, Poly (diallyl dimethyl 
ammonium chloride) and PSS, Poly (sodium 4-styrenesulfonate) with an average Mol. Wt. of 
200,000- 350,000 and 70,000 respectively, were used in this study. Both strong and weak PEs 
were procured from Sigma Aldrich. All the polyelectrolyte assembly/dipping solutions were made 
in 0.1 M NaCl solutions in 18MΩ cm Millipore deionized water, maintained at pH 5.5. In this pH 
regime, the PAH/PAA system has an exponential growth whereas the PSS/PDDAC   system has a 
linear growth mechanism. Optical images were captured in upright Bright-Field microscope, 
Olympus BX 51M and color camera model DP73. The thicknesses were measured using Atomic 
Force Microscope by Bruker, the Dimension Icon tool. For polymers in the dry state, the 
thicknesses were measured using the tip, TESPA-V2 (Bruker) in the tapping mode and in the wet 
state, Scan Asyst Fluid tips (Bruker) were used in the Fluid mode scan. 
Polyelectrolyte multilayers were prepared by layer-by-layer deposition method established 
by the group of Decher [6, 8]. Polyelectrolytes were coated on to the substrate by manually dipping 
the substrate in polycationic and polyanionic dipping/assembly solution for 1 minute alternately, 
with intermittent rinsing in DI water as shown in Fig.1 (a). The substrate (over which the PEM 
was coated) was a thin film structure consisting of a germanium film with thickness of about 25 
nm deposited over optically thick (> 100 nm) gold films on a Silicon wafer. All depositions were 
carried out in a Tecport Sputtering tool. 
Polyelectrolytes with both even and odd termination were fabricated by the LbL process. 
Measurement of water transport through these polymer films was made by imaging through a 
water immersion objective (60x, NA = 1) in a regular upright optical microscope.  In order to 
measure relative difference (odd-even difference) in water transport through odd and even 
terminated polymer membranes simultaneously, a polycation/polyanion was drop casted on 
even/odd terminated PEM as shown in Fig. 1(b). A careful rinse of this drop casted area with DI 
water, provided us a sharp interface between an odd and even termination of the same bilayer. 
Both odd and even terminated sides of the PEM were observed in the same field of view using the 
water immersion lens with the sample immersed in a 0.02% v/v of H2O2 (Hydrogen Peroxide) 
diluted in DI water. The addition of hydrogen peroxide increased the etch rate of germanium. We 
refer to the H2O2: DI water solution, simply as water in this article.  
 Figure 1. (a) Self-assembly of PEs due to electrostatic interactions. Layer-by-Layer deposition of 
positive and negative PEs with DI water rinse after each dip in the respective PE solution. This 
cycle can be repeated any number of times to get the desired number of bilayers. (b) Drop casting 
a positive PE on a negatively terminated PEM to create an interface for comparison of transport. 
(c) Observing the PE interface under the water immersion lens. 
 
Imaging water transport using Bright Field Nanoscopy (BFN) 
For (PAH/PAA)6/6.5 system, it was observed that the polymer membranes terminated with 
positive polyelectrolytes (PAH terminated) facilitated a faster etch of the underlying Ge thin film 
when compared to PAA termination. Figure 2(a) displays the optical measurement of transport of 
water through PEs seen using a bright-field microscope as described earlier. The interface of with 
two surface terminations was observed in one field of view. It was observed that as soon as the 
water droplet is dispensed on top of the PEM, the side terminated with the positive polymer 
provided a faster and unobstructed transport of water causing the Ge beneath this layer to etch 
faster and reach till the Gold layer where the etching process terminated.  Hydrogen Peroxide 
which is added to DI water forms a eutectic/homogeneous mixture with H2O [Refer SI, Section-
1]. The etching process of Ge in the presence of water and hydrogen peroxide can be represented 
as [50, 51]:  
𝐺𝑒 + 2𝐻2𝑂2 →  𝐺𝑒𝑂2 + 2𝐻2𝑂                                                                
  𝐺𝑒𝑂2 + 𝐻2𝑂 → 𝐻2𝐺𝑒𝑂3                                          (1)                               
𝐺𝑒𝑂2 + 𝑂𝐻
− → 𝐻𝐺𝑒𝑂3
−                                                                           
 
The relative difference in the etch rate of odd and even terminated PEMs are depicted in 
Fig. 2. All optical images depicting the water transport through polymers were captured at an 
interval of 10 seconds. Each image displayed in Fig. 2 are separated by 100 seconds in time. Red 
and green color channel values were extracted from each image in the series and plotted as a 
function of time (Fig.2 (b)).  
A significant lag in the respective channels is observed for the PEM with PAA termination 
when compared to PAH terminated PEM. The color distance, D (t) is calculated using a simple 
Cartesian equation given by 
𝐷(𝑡) = √(𝑅𝑡 − 𝑅𝑓)2 + (𝐺𝑡 − 𝐺𝑓)2 
Here, 𝑅𝑓 and 𝐺𝑓 are the final values in the red and green channels whereas 𝑅𝑡 and 𝐺𝑡 are the 
values at any time ‘t’ in the red and green channels respectively. The difference in the blue channel 
was negligible and hence has been neglected here. The color distance plot in Fig. 2(c) clearly 
shows the difference between the oppositely terminated surfaces. PAH terminated PEM region 
reaches the gold layer faster indicated by a constant value, as gold layer acts as the etch stop. It 
was also observed that all the PAH-terminated PEMs, irrespective of the thickness, etched Ge at 
the similar rates. Surprisingly, this rate was close to the etch rates of a bare Ge substrate [Refer SI, 
Section 2]. 
 
 
Figure 2. Imaging water transport in polymer membranes. (a) Time lapse bright-field images of 
the interface of a (PAH/PAA)6/6.5. The region with positive and negative termination is marked 
with PAH and PAA respectively in the first image in the series. (b) The red and green channels 
values from both PAH and PAA terminated regions of interest are plotted as a function of time. 
(c) Color distance plot for PAH and PAA terminated PEM shows that the Ge under the PAH region 
erodes faster reaching the Gold film 
 
We also studied relative water transport difference in other polymer systems, namely, PSS/PAH 
were both PEs were equally charged at pH 5.5 and PSS/PDDAC which are not affected by the pH 
of the dipping solution. We define a term, Δ Etch Time, as the difference between the time it takes 
to etch Ge from beneath the negatively terminated and positively terminated PEMs. Δ Etch Time 
Vs average etch durations for different polymer systems have been plotted in Fig. 3. It was 
observed that the strong PE system took approximately 10 times longer to etch Ge owing to its 
dense conformations of the layers [52, Refer SI, Section 3]. The change in color of Ge as it etched 
can be directly translated to find the volumetric flux of water through these PEMs. From the 
empirical data, the volumetric flux was calculated to be about 150 pL/min.cm2 and 240 pL/min.cm2 
for a PAA and PAH terminated (PAH/PAA)6 bilayer system Refer SI text, Section 4.  
A remarkable feature noticed was that the Δ Etch times are independent of the number of 
bilayers for the PAH/PAA system, which rules out the possibility of swelling effects in polymers 
in these thickness regimes.  
 
Figure 3. Δ Etch time plotted against the average etch durations for different polymer systems.  
 
 
Surface wettability and hydration dynamics studies 
Surface wettability is a characteristic of the surface forces available at the interface. 
Sequentially adsorbed polyelectrolytes alter the net wettability of the PEM. It was reported 
previously that the surface charges associated with the PEs affects the wetting kinetics and hence 
alter the contact angle of water [53]. In this study, contact angle (CA) measurements carried out 
to study the surface wettability revealed that PAH capped PEM was relatively less hydrophilic 
compared to a PAA capped PEM, with a contact angle difference of about 6-8° on an average (Fig. 
4). This rules out the possibility of the odd-even effect arising out of hydrophobicity difference as 
PAA surface with slightly higher hydrophilicity should have transported water faster or at least 
comparable to that of PAH. We also studied the wetting dynamics and saw the contact angle of 
the sessile drop recede with time for both PAA and PAH terminated PEMs. A CA drop of 6° was 
observed for a PAH termination whereas a 3° drop was observed for a PAA terminated PEM 
surface when measured over a period of approximately 2 mins.  
 
 Figure 4. Surface and bulk wettability studies (a) Contact angle measurements of a sessile drop on 
a PAH and PAA terminated PEM system. Transient effects on the sessile droplet was observed 
over a period of t, 2 mins. The measured CAs are indicated in the respective figures. (b) AFM 
measurements in air and in fluid mode measured the swelling of the PEMs in presence of bulk 
water. The measured thickness values are provided in the inset of each scan. 
 
In-order to investigate if the relative difference in water transport rate was due to a relative 
difference in swelling of the two polymers, Fluid mode Atomic Force Microscopy (Fluid-AFM) 
was performed to measure the swelling behavior of the PEs immersed in water. In the dry state, a 
6 and 6.5 bilayer PAH/PAA measured about 23 nm and 28 nm. Subsequently, in situ swelling 
measurements were carried out by immersing the sample in water in the liquid mode AFM (for the 
same durations as in the optical experiments). In the wet state, post swelling thicknesses measured 
about 32 nm for PAA and 42 nm for PAH terminations respectively. For thinner PEMs, namely, 
(PAH/PAA)2/2.5 and (PAH/PAA)4/4.5 bilayers, there was no significant swelling while immersed in 
water for the same durations [Refer SI, Section 5]. This data showed that the increased physical 
thickness of PAH terminated layer does not determine the water transport rate as the PAH 
terminated layers etched faster than PAA terminated ones.   
Discussion and Conclusion 
Swelling experiments provide very useful insights into hydration of the bulk or in other words, 
internal wettability. Post saturation in water, the PAH terminated PEM swells considerably more 
than PAA terminated PEMs. It was observed that despite the relatively large initial thickness of 
the PAH terminated PEMs, the water transport was faster than a PAA surface terminated PEM. 
This confirmed that the physical thickness of the PEM layer did not have significant influence on 
the transport of water molecules. Moreover, from the dynamic CA measurements, it was inferred 
that the PAH terminated PEM allowed a faster and more efficient water uptake. Therefore, 
differential swelling can be ruled out as a mechanism for the differential water transport (etch) 
rates of Ge.  
This observation led us to look for a mechanism based on difference in surface impedance or 
permeability to water transport between the PAH and PAA terminated layers. It has been reported 
that, PAH has a charge density (ξ) greater than 1, which is due to closely spaced electrolyte units 
on the polymer chain [54]. Hence, unlike the bulk of the PEM where all the positive and negative 
binding sites of the PEs are intrinsically paired, the surface provides a significant number of 
uncompensated binding sites when the surface is terminated with a PAH layer. These positive 
binding sites are satisfied by the counterions made available from the dipping/ bathing solution. 
The Cl- ions from the dipping solution containing NaCl extrinsically binds to these PAH binding 
sites leading to a gradient of Cl- ion concentration and the consequent osmotic pressure drives 
water into the bulk PEM due to osmosis. The presence of Cl- ions on the surface makes the PAH 
terminated PEM more permeable to water compared to PAA terminated PEMs [More info, Refer 
SI text, Section 6]. Additionally, when the surface is terminated with PAA, the uncompensated 
carboxylic acid groups available on the surface form hydrogen bonds with water molecules due to 
their strong affinity [55] whereas the amine groups on a PAH surface do not form H2O clusters. In 
order to test our hypothesis regarding the surface barrier model described above, we conducted the 
etching experiments with water containing different concentrations of salt (NaCl) serving as a 
reservoir deposited over the PEM. As mentioned previously, the PEM layers were deposited at 
0.1M NaCl. Etching experiments were conducted with 0.01M, 0.1M, 0.5M and 1M NaCl. H2O2 
was not added into the etching solution to avoid possible reactions. With the high ionic strength 
solutions (0.5M and 1M), we did not observe any visible color change even after long etching 
times. This is because, the external ionic strength is much larger than the ionic strength used for 
LbL assembly. In this case osmotic pressure would prevent the uptake of water. Due to the 
extremely small etch rates no measurable odd-even effect was observed at 0.5M and 1M etching 
conditions. At 0.1M the reservoir and the bulk PEMs are at similar ionic strengths and even in this 
case the odd-even effect is effectively suppressed. It is only when the reservoir ionic strength is 
below that of the ionic strength used in LbL assembly that we start seeing the odd-even effect. 
Note that the data in Fig. 2 showing strong odd-even effect is obtained at 0M (no salt). The odd-
even effect as a function of the ionic strength of the reservoir is summarized in Fig. 5 where the 
difference in etch times between PAH and PAA terminated PEMs are plotted against ionic 
strength. [More info, SI text, Section 7]. A mathematical model based on the generic framework 
of diffusion across a surface barrier (which may arise from ionic gradients, surface molecular 
bonding and so on) is capable of producing odd-even effects observed in PAA/PAH and other 
polyelectrolyte systems [SI text, section 8].  
 Figure 5: Difference in etch times between PAH and PAA terminated PEM surfaces is plotted for 
different salt concentrations of the etching solution. 
 
In the case of PAA/PAH we explored this surface barrier term in details and showed its dependence 
on ionic strength. Similar mechanisms may be suggested for other systems.  
To summarize, we presented a technique for direct visualization of water transport across 
nano-membranes using bright field microscopy. Using this technique, we were able to probe the 
difference in water transport rates across PEMs depending on the terminating layer. Focusing on 
the weak polyelectrolyte system PAA/PAH, we showed the significant role of ionic gradients in 
the creation of the observed odd-even effect. Finally, we showed that a mathematical model 
involving a surface permeability term is sufficient to capture the observed odd-even effect. We 
believe that the technique described here will be of wide utility for water transport studies through 
nano-membranes, particularly in studying the effects of film structure on bulk transport in detail.   
 
References 
[1] W.M. Vos et al., “Multifunctional polyelectrolyte multilayers as nanofiltration membranes and as 
sacrificial layers for easy membrane cleaning”, Journal of Colloid and Interface Science, Volume 446, 386-
393 (2014). 
[2] G. M. Geise et al., “Water purification by membranes: The role of polymer science”, J Polym Sci Part 
B: Polym Phys, Vol.48, 2010. 
[3] I Lee et al., “Development of polyelectrolyte multilayer membranes to reduce the COD level of 
electrocoagulation treated high-strength wastewater”, Journal of Membrane Science, Volume 496, Pages 
259-266 (2015). 
[4] R. Wang et al., “Crosslinked layer-by-layer polyelectrolyte nanofiltration hollow fiber membrane for 
low-pressure water softening with the presence of SO42− in feed water”, Journal of Membrane Science, 
Vol. 486, Pages 169-176 (2015). 
[5] A. K. Geim et al, “Unimpeded Permeation of Water Through Helium-Leak–Tight Graphene-Based 
Membranes”, Vol. 335, Issue 6067, pp. 442-444 (2012). 
[6] G. Decher et al., “Buildup of ultrathin multilayer films by a self-assembly process: III. Consecutively 
alternating adsorption of anionic and cationic   polyelectrolytes on charged surfaces”, Thin Solid Films, 
210/21 I , 831-835 (1992) 
[7] G. Decher, “Fuzzy Nanoassemblies: Toward Layered Polymeric Multi composites”, Science, Vol. 277 
(1997) 
[8] G. Decher and J.B. Schlenoff, Multilayer Thin Films, Sequential Assembly of Nanocomposite 
Materials, 2002. 
[9] Prashanth, G. R. et al., Non-covalent functionalization using lithographically patterned polyelectrolyte 
multilayers for high-density microarrays. Sensors Actuators, B Chem.,171-172, 315–322 (2012). 
 [10] S. T. Dubas and J. B. Schlenoff, “Swelling and Smoothing of Polyelectrolyte Multilayers by Salt”, 
Langmuir, 17, 7725-7727 (2001) 
 
[11] H. Möhwald et al., “Influence of the Ionic Strength on the Polyelectrolyte Multilayers’ Permeability”, 
Langmuir, 19, 2444-2448 (2003) 
 
[12] Klitzing et. al., “Influence of the ionic strength on the structure of polyelectrolyte films at the solid: 
liquid interface”, Colloids and Surfaces A: Physicochemical and Engineering Aspects 163, 63–70 (2000) 
 
[13] Klitzing et. al., “Effect of ionic strength and type of ions on the structure of water swollen 
polyelectrolyte multilayers”, Phys. Chem. Chem. Phys., 13, 10318–10325 (2011) 
 [14] H. Möhwald et al., “Smart Micro- and Nanocontainers for Storage, Transport, and Release”, Adv. 
Mater., 13, No. 17 (2001) 
 
[15] Klitzing et al., “Temperature-induced changes in polyelectrolyte films at the solid–liquid interface”, 
Appl. Phys. A: Materials Science & Processing, 74, S519 (2002) 
 
[16] Klitzing et al., “Short range interactions in polyelectrolyte multilayers”, Current Opinion in Colloid 
and Interface Science 9, 158–162 (2004) 
[17] G. Decher and J. Schmitt, “Fine-Tuning of the film thickness of ultrathin multilayer films composed 
of consecutively alternating layers of anionic and cationic polyelectrolytes”, Volume 89 of the 
series Progress in Colloid & Polymer Science pp 160-164 
 [18] H. Möhwald et al., “Bioapplications of light-sensitive polymer films and capsules assembled using 
the layer-by-layer technique” Poly. Int. Volume 61, Issue 5, Pages 673–679 (2012)  
[19] B. Jiang et al., “Advances in polyelectrolyte multilayer nanofilms as tunable drug delivery systems”, 
Nanotechnology, Science and Applications, 2, 21–27 (2009) 
 
[20] Brian Bolto and John Gregory, “Organic polyelectrolytes in water treatment, Water Research 41, 2301 
– 2324 (2007) 
 
[21] Matthew D. Miller and Merlin L. Bruening, “Controlling the nanofiltration properties of multilayer 
polyelectrolyte membranes through variation of film composition”, Langmuir, 20, 11545-11551 (2004)  
 
[22] M. F. Rubner et al., “pH-Gated Porosity Transitions of Polyelectrolyte Multilayers in Confined 
Geometries and Their Application as Tunable Bragg Reflectors”, Macromolecules, 37, 6113-6123 (2004) 
 
 
[23] I. Lee et al., “Design of ultrathin nanostructured polyelectrolyte-based membranes with high 
perchlorate rejection and high permeability”, Separation and Purification Technology 145, 113–119 (2015) 
 
[24] Paul et al., “Water Purification by Membranes: The Role of Polymer Science”, Highlight, J. Polym. 
Sci. Part B: Polym. Phys.: Vol. 48 (2010) 
 
[25] M. L. Bruening et al., “Layered Polyelectrolyte Films as Selective, Ultrathin Barriers for Anion 
transport”, Chem. Mater, 12, 1941-1946 (2000) 
 
[26] Daniel M. Sullivan and Merlin L. Bruening, “Ultrathin, Ion-Selective Polyimide Membranes Prepared 
from Layered Polyelectrolytes”, Am. Chem. Soc., 123, 11805-11806 (2001) 
 
[27] M. L. Bruening et al., “Ultrathin, Multilayered Polyelectrolyte Films as Nanofiltration Membranes”, 
Langmuir, 19, 7038-7042 (2003) 
 
[28] B. Tieke et al., “Ultrathin self-assembled polyelectrolyte multilayer membranes”, Eur. Phys. J. E 5, 
29{39 (2001) 
 
[29] B. Tieke et al., “Use of Polyelectrolyte Layer-by-Layer Assemblies as Nanofiltration and Reverse 
Osmosis Membranes”, Langmuir, 19, 2550-2553 (2003) 
 
[30] M. Boas et al., “Electrospinning polyelectrolyte complexes: pH responsive fibers”, Soft Matter, 11, 
1739 (2015) 
 
[31] C. Picart et al., “Polyelectrolyte Multilayer Assemblies on Materials Surfaces: From Cell Adhesion to 
Tissue Engineering”, Chem. Mater. 2012 March 13; 24(5): 854–869 
 
[32] Klitzing et al., “Swelling of Polyelectrolyte Multilayers: The Relation Between, Surface and Bulk 
Characteristics”, J. Phys. Chem. B, 119, 11879−11886 (2015) 
 
 [33] Rubner et al., “Controlling Bilayer Composition and Surface Wettability of Sequentially Adsorbed 
Multilayers of Weak Polyelectrolytes”, Macromolecules, 31, 4309-4318 (1998) 
[34] D. Yoo, M. F. Rubner “Layer-by-layer modification of surfaces through the use of self-assembled 
monolayers of polyions”, Book, 1995 
 
[35] Rubner et al., “pH-Dependent Thickness Behavior of Sequentially Adsorbed Layers of Weak 
Polyelectrolytes”, Macromolecules, 33, 4213-4219 (2000) 
 
[36] Tanchak et al., “Swelling Dynamics of Multilayer Films of Weak Polyelectrolytes”, Chem. Mater., 16, 
2734-2739 (2004) 
 
[37] Tanchak et al., “Water Distribution in Multilayers of Weak Polyelectrolytes”, Langmuir, 22, 5137-
5143 (2006) 
 
[38] Wei Chen and Thomas J. McCarthy, “Layer-by-Layer Deposition: A Tool for Polymer Surface 
Modification”, Macromolecules, 30, 78-86 (1997) 
[39] M. Schönhoff and P. Bieker, “Linear and Exponential Growth Regimes of Multilayers of Weak 
Polyelectrolytes in Dependence on pH”, Macromolecules, 43, 5052–5059 (2010) 
 
 [40] B. Schwarz, M. Schönhoff, “A 1H NMR relaxation study of hydration water in polyelectrolyte mono 
and multilayers adsorbed to colloidal particles”, Colloids and Surfaces A: Physicochemical and Engineering 
Aspects 198–200, 293–304 (2002) 
 
[41] C. J. Barrett et al., “NMR Studies of the Effect of Adsorbed Water on Polyelectrolyte Multilayer Films 
in the Solid State”, Macromolecules, 36, 3616-3625 (2003) 
 
[42] C. J. Barrett et al., “13C Solid-State NMR Study of Polyelectrolyte Multilayers”, Macromolecules, 36, 
1876-1881 (2003) 
 
[43] Schönhoff M., “Layered polyelectrolyte complexes: physics of formation and molecular properties”, 
J. Phys.: Condens. Matter 15, R1781–R1808 (2003) 
 
[44] Schönhoff M. et al., “Hydration and internal properties of polyelectrolyte multilayers”, Colloids and 
Surfaces A: Physicochem. Eng. Aspects 303, 14–29 (2007) 
 
 
[45] Decher et al., In Situ Determination of the Structural Properties of Initially Deposited Polyelectrolyte 
Multilayers”, Langmuir, 16, 1249-1255 (2000) 
 
[46] Peisl et al., “Investigation of Structure and Growth of Self-Assembled Polyelectrolyte Layers by X-
ray and Neutron Scattering under Grazing Angles”, Journal of Colloid and Interface Science 223, 74–82 
(2000) 
 
[47] Klitzing et al., “Swelling Behavior of Polyelectrolyte Multilayers in Saturated Water Vapor”, 
Macromolecules, 37, 7285-7289 (2004) 
 
[48] Klitzing et al., “About different types of water in swollen polyelectrolyte multilayers”, Advances in 
Colloid and Interface Science 207 325–331 (2014) 
 
 
[49] Swathi et al., “Bright-field Nanoscopy: Visualizing Nano-structures with Localized Optical Contrast 
Using a Conventional Microscope”, Scientific Reports 6, Article number: 25011 (2016) 
 
[50] Wang et al. “Dissolution of Germanium in Aqueous Hydrogen Peroxide Solution” Journal of 
Electrochemical Society, Vol. 109, No. 6 (1962) 
[51] K. Strubbe et al., “Etching of Germanium in Hydrogen Peroxide Solutions”, ECS Transactions, 6 (2) 
375-386 (2007) 
 
 [52] C.A. Helm, “Influence of Polymer Molecular Weight on the Parabolic and Linear Growth Regime of 
PDADMAC/PSS Multilayers”, Macromolecules, 46, 5622−5629 (2013) 
 
 53] J. Ralston et al., “Influence of Surface Charge on Wetting Kinetics”, Langmuir, 26(22), 17218–17224 
(2010) 
[54] H. Riegler and F. Essler, “Polyelectrolytes. 2. Intrinsic or Extrinsic Charge Compensation? 
Quantitative Charge Analysis of PAH/PSS Multilayers”, Langmuir, 18, 6694-6698 (2002) 
 
 [55] J.N. Israelachvili, Intermolecular and Surface Forces, ISBN: 978-0-12-391927-4. 
 
  
 
 
 
 
 
 
 
 
SUPPLEMENTARY INFORMATION 
 
Section 1: Hydrogen Peroxide with water. 
Hydrogen peroxide is an oxidant and a prime etchant of Germanium. Etching of Ge occurs by 
oxidation of Ge by H2O2 followed by dissolution of the oxidation products in aqueous solution. In 
our experiments, we use an aqueous solution containing 0.02% v/v of H2O2. When dissolved in 
H2O, H2O2 forms a eutectic mixture due to hydrogen bonding between them. If not in the presence 
of catalysts, prolonged exposure to factors like temperature and pH can self-decompose H2O2 to 
water and oxygen.   
      
Section 2: Etch rate of Bare Ge. 
The color distance map of transport of water through both negative and positive termination for a 
PAH/PAA system for different thicknesses is plotted in Fig. S1. It was observed that the underlying 
Ge etched in similar time scales for all the positively terminated PE surfaces irrespective of the 
thickness. Their profile and duration matched closely with that of a bare uncoated Ge sample.   
 
Fig. S1. Color distance plot for (PAH/PAA) system for PAH/odd terminated bilayers. 
 
 
Section 3: Stronger PEs have longer etch durations 
Experiments with strong PEs clearly demonstrated that it took longer times to etch Ge completely 
which in turn meant that the transport is slower in these systems. The odd-even surface effect did 
persist in these systems irrespective of the denser PE conformations. However, the experiment 
time scales are an order of magnitude higher than the experiment time scale for the weak PEs. A 
color distance plot of a (PDDAC/PSS)4/4.5 bilayer illustrates the large difference in time scales.  
 
Fig S2. Color distance plot for a (PDDAC/PSS)4/4.5 bilayer. 
 
Section 4: Calculating Volumetric flux  
From the experimental observations in Fig. 2 in the main text, the change in color which originated 
due to the change in the thickness of Ge is a direct translation of the volumetric flux of etchant/ 
water reaching the thin film. Assuming that for every one H2O molecule, one Ge atom is removed, 
the volumetric flux can be given by this formula,  
𝑉𝐻2𝑂 = (
ℎ𝐺𝑒 𝑥 𝜌𝐺𝑒
𝑚𝐺𝑒
) (
𝑚𝐻2𝑂
𝜌𝐻2𝑂
) 
The 𝜌𝐺𝑒 and 𝜌𝐻2𝑂 are the densities of the Ge and H2O, 𝑚𝐺𝑒 and 𝑚𝐻2𝑂 are the masses of Ge and 
H2O respectively. ℎ𝐺𝑒  is the etch rate of Ge for the individual terminated PEMs. Based on the 
reactions determining dissolution of Ge, the water transport difference due to the presence of a 
single layer of PAA can be calculated to be around 0.88 µL/min.m2. In relative terms, PAA 
impedes the water transport by about 60%. 
 
Section 5: Swelling experiments on thinner bilayers of PAH/PAA. 
Thickness of (PAH/PAA)2/2.5 and (PAH/PAA)4/4.5 bilayer, both in the dry and wet state were 
measured using the Atomic Force Microscope in the regular soft Tapping mode and Scan Asyst 
fluid mode. In thinner bilayers, the thicknesses of the PEMs fall under the influence of the substrate 
as reported by Tanchak and Barrett [S1]. Our results comply with these reports as seen in Fig. S3 
and S4. The 2x2 panel shows the thicknesses of the PEM while in the dry state and when immersed 
in water. It is clear from the measurements that there is not significant increase in thicknesses of 
PEMs for both (PAH/PAA)2/2.5 and (PAH/PAA)4/4.5. Hence, it was clear that the swelling effect 
was observed only in the thicker PEM films and negligible in the thinner films. 
 
Fig S3. Dry and wet AFM images of (PAH/PAA)2/2.5   
 Fig S4. Dry and wet AFM images of (PAH/PAA) 4/4.5  
Section 6: Extrinsic Charges and Water Uptake 
PAH has a higher charge density than PAA, i.e. the distance between successive repeat units are 
smaller than Bjerrum Length [S2, S3]. Bjerrum Length is given by “Separation at which the 
electrostatic interaction between two elementary charges is comparable in magnitude to the 
thermal scale, KBT where KB is the Boltzmann constant and T is the absolute temperature. 
Manning’s development of the counterion Condensation Theory treats the distribution of 
counterions around a highly-charged PE in terms of linear charge density parameter, ξ”. Here, ξ= 
𝑙𝐵
𝑏
 where 𝑙𝐵is the Bjerrum Length given by,  𝑙𝐵 =
𝑒2
4𝜋𝜀0𝜀𝑘𝐵𝑇
 typically measures about 7.31 Å @ 
25°C in water. ′𝑏′ is the axial distance between the successive charge fixed on the monomers in 
the PE chains. For PAH, the 𝑏  is very small, smaller than 𝑙𝐵and ξ turns out to be >1. Most of all 
other PEs used have a larger 𝑏  than 𝑙𝐵 and hence have a charge density, ξ <1.  NaCl in the 
dipping/bathing solution dissociates to Na+ and Cl- which compensates binding sites on PEs if not 
paired by the opp. PE during the multilayer formation. Na+ and Cl- are called surface counterions. 
The Fig. S5 shows the higher charge density on PAH which are compensated by the Cl- . Polymer 
charges within the bulk of the multilayer balance with 1:1 stoichiometry termed “Intrinsic” charge 
compensation.  
 
Fig. S5: Extrinsic and Intrinsic charge compensation in a PAH/odd and PAA/even terminated 
(PAH/PAA) system. 
 
At a PAH terminated surface, the charges are overcompensated/unbalanced/not neutralized. Hence 
the PE charge stoichiometry is ‘not’ 1:1. Uncompensated binding sites of PAH surface are then 
neutralized by Cl- counterions- “Extrinsic” charge compensation. In Bulk water, larger presence 
of Cl- ions at the surface (of a PAH terminated PEM) induces an osmotic pressure (OP). Increasing 
OP, causes osmosis of water from the surrounding liquid in the PEM. PAH surface acts as 
permeable membrane with large values of ρ. 
 
Section 7: Response of a PAH terminated surface to different ionic concentration 
The unbalanced PAH surface termination compensated by the Cl- ions had an ionic 
concentration of 0.1 M which is the concentration of the PE in the solution form. It is by osmosis 
(higher ionic concentration at the PAH surface than the surrounding solution) that water transports 
into the PEM bulk. By varying the ionic concentration of the etching or immersion solution, the 
transport through the PEM can be altered. To study this, a PAH / PAA interface was studied for 
different concentrations of NaCl in the etching solution (H2O). Due to possible exothermic 
reactions, H2O2 was avoided in the etching solution. Four different concentrations, 0.01 M, 0.1 M, 
0.5 M and 1 M NaCl (in H2O) solutions where prepared to be used as the etching/immersion 
solution. With a 0.01 M NaCl concentration of the etching solution, the transport was found to be 
faster when compared to 0.1 M, 0.5 M or 1 M solutions. Having a smaller ionic concentration 
(0.01 M) relative to the PAH surface (0.1 M), the rate of water transport into the PEM bulk was 
larger which was as expected. However, at equivalent concentrations with both PAH surface and 
immersion solution at 0.1 M the transport rates were found to be 35% slower than when the 
solution was maintained at 0.01 M. Ideally, there shouldn’t have been any movement of water if 
the concentrations were similar. A slow transport even in this condition could mean that the ionic 
concentration is not even throughout the PAH surface. At higher concentration, 0.5 and 1 M, the 
transport was more or less seized as seen in Fig. S6. 
 
Figure S6: The transport difference across PAH and PAA terminated PEM when the immersion 
solution had salt concentration of (a) 0.01M, (b) 0.5M 
 
 
 
 
 
 
 
Section 8: Diffusion equation with a permeable wall 
 
Figure S7: Diffusion model with a barrier wall 
 
We mathematically modeled the transport of water through the PEM as a diffusion problem 
with a surface barrier as shown in Fig. S7 [S4-S6]. This problem has been analyzed by Tanner in 
great detail [S5]. The two key parameters in the model are the diffusion coefficient, D and the 
permeability coefficient, rho (ρ). Diffusion coefficient, D associates with the bulk of the PEM 
whereas the permeability coefficient, rho (ρ) relates to the surface of the PEM. By presenting two 
different values for the permeability, different surface terminating layers will lead to different 
water transport rates even with the same bulk diffusion values. In the case of the PAA/PAH system 
we identified difference in permeability with the Cl- ion gradient formed with PAH termination 
and the increased molecular bonding of water with PAA. The cumulative effect of both of these is 
to increase the permeability value for PAH termination relative to PAA. Following Powels [S6], 
we derive the concentration profile due to diffusion with barrier as  
𝐶(𝑥, 𝑡) =  𝜌𝐶0 ∫ 𝑒
−2𝜌𝑥′ 𝑒𝑟𝑓𝑐 (
𝑥 + 𝑥′
2√𝐷𝑡
)
∞
0
𝑑𝑥′ 
We assumed that the etch rate of Ge would be proportional to C (x,t) computed above from 
which we can compute the height of Ge film as a function of time. As the initial thickness of Ge 
used in these experiments was 25 nm, we can use this height profile to estimate the etch time 
(defined as the time at which Ge film thickness reaches zero). We numerically computed the etch 
times for different values of D and rho (ρ). Diffusion coefficients used in the simulation were taken 
from previously published data [S7-S9]. We then plotted the ratio of the numerically computed 
etch time and the experimentally observed etch time for both PAH and PAA terminations as shown 
in Fig. S8 (a) and (b).  
 
Figure S8: Ratio of the simulated and experimental Ge etch times for PAH/odd and PAA/even 
termination PEMs are plotted in (a) and (b). (c) Rho Vs D plot for (PAH/PAA)6/6.5 system. This 
plot is obtained by thresholding values of plot (a) and (b) to either 1 or 0 (with 2% tolerance) which 
signifies complete etch of Ge and no etch of Ge respectively.  
 
Figure S8 (c) shows the choice of D and ρ which is consistent with experimental observation. 
The curves corresponding to these parameters for PAA and PAH are obtained from the locus of 
points in Fig. S8 (a) and (b) whose value is equal to one.  For a given value of bulk diffusion 
coefficient a slightly lower value of permeability of PAA relative to PAH is sufficient to cause the 
observed lowering of etch rate.  
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